Introduction
Glassy materials provide a unique set of properties, such as transparency, high hardness and good chemical durability, forming ability, low cost production and the possibility of recycling. They are therefore used in a wide range of applications, e.g. windows, containers, displays, thermal insulation, optical lenses, data transport, or, e.g. as bioactive materials. The fact that glass is a relatively hard material originates from the nature and the alignment of bonds of the vitreous network. The mechanical strength, on the other hand, mainly depends on the presence of defects in the glass surface, see Figure 1 , and, hence, the defect resistance of this surface.
(1-3) As a consequence, the practical use of glass is often limited by its brittleness, which is associated with statistical failure.
There exist a variety of ways to increase the strength of glass; (1) most of them involve modifications of the glass surface. (5) A method, which has received much attention, is chemical strengthening.
It is based on the exchange of smaller ions in the glassy matrix by larger ions from a molten salt, e.g. Na + is replaced by K + , see Figure 2 . The larger ions are literally squeezed into the sites of the smaller ions, generating compressive stresses in the glass surface, which counteract external tensile stresses.
The most commonly described route of chemical strengthening is K + -(Li + ,Na + ) ion exchange, which was discovered independently by Kistler (6) and Acloque.
Chemical strengthening of glass has recently been reviewed by several authors. (5, (8) (9) (10) (11) Although this method was introduced more than half a century ago, it has failed to be widely adopted in the market for a long time. However, in recent years, large specialty glass companies launched chemically strengthened flat glass, e.g. Corning Gorilla Glass, (12) Schott Xensation, (13) AGC Dragontrail (14) and NEG CX-01. (15) Nowadays, most touchscreens in commercially available smartphones are made of chemically strengthened flat glass, (16) regardless of the considerably higher cost which is associated with the production process of such glass. However, for other applications, where larger glass sheets are required, such as covers for photovoltaic cells, car windows, facades or furniture, the production cost of chemically strengthened glass is still too high. Recently, alternative approaches have been presented, where the glass is spray-coated with a salt mixture and subsequently dried as well as heat treated. (17) Chemical strengthening of glass is complex and many parameters affect the ion exchange process as well as the resulting strength: (18) i. The effect of temperature on the interdiffusion coefficient, ii. The time of exchange, iii. The interfacial energy between the glass and the salt iv. The phase boundary reaction barrier and adsorption enthalpy at the glass surface, v. The glass composition, vi. The exchanging pair of ions, vii. The influence of temperature on relaxation.
Alkali salt vapour deposition and in-line ion exchange on flat glass surfaces
With the present knowledge, many of these parameters have been optimised for specific products. There is, however, another possibility for a further cost reduction in the fabrication of chemically strengthened glass namely by optimising the large-scale process. Optimisation of industrial processes is most often performed by an automation of the process. (19) In principal, chemically strengthened flat glass is manufactured by immersing a flat glass sheet into a molten salt bath. However, there are also other methods for chemical strengthening such as salt-spray as has been both studied (20) and commercialised, in the former GDR (21, 22) and recently. (23) In this study we suggest vapour deposition and in-line alkali metal ion exchange, see Figure 3 . This method is based on an earlier study by Sil'vestrovich et al. (24, 25) However, in contrast to the approach of Sil'vestrovich et al, where the vapour deposition and the ion exchange process were separated into two different steps, we combine both processes into one step, which enables a novel route for the fabrication of low-cost chemically strengthened glass.
Experimental Procedure
The glass used here was a conventional soda-limesilica float glass provided by Pilkington Floatglas AB, with a nominal thickness of 4 mm, denoted as 'Ref' in this paper. The chemical composition was analysed using different wet chemical methods, e.g. atomic absorption spectroscopy (AAS). The dissolution of the sample and quantification followed BS 2649, (26) except for TiO 2 and SO 3 . Due to safety reasons nitric acid and hydrochloric acid replaced perchloric acid. The normalised chemical composition of the float glass used in the experiments is given in Table 1 . The experimental setup is given in Figure 4 . An aerosol generator from PALAS Particle Technology model AGK 2000 was used. It was consistently run at 2 bar pressurised air in the experiments. The tube furnace was a Carbolite Tube Furnace model 12/65/550 with a maximum temperature of 1200°C. The temperature distribution was measured with thermocouples -in the centre of the furnace it was 800°C (initially 700°C), while the specimen was placed at the cold end of the furnace where the temperature was around 450°C. For the ion exchange, the glass specimens were cut into pieces of 2×10 cm, cleaned with ethanol and distilled water, and subsequently dried for weighing. Reagent grade quality KCl delivered by Scharlau Chemie SL was mixed with distilled water to obtain solutions of 10, 15 and 20 g salt, respectively, per 100 ml H 2 O. The ion exchange was performed for 2, 4 and 6 h, respectively, at a temperature of 450±60°C.
Characterisation
The thickness of the deposited salt layer was analysed using an optical profilometer, NPFLEX 3D Surface Metrology System from Bruker Corporation, equipped with an objective with ×5 magnification. The salt layer was removed in the centre of the sample to create a groove, which enabled estimation of the thickness of the deposited salt layer, see Figure 5 .
A scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS) was used for analysing concentration depth profiles of the specimens. The SEM was a JEOL JXA 840A and the EDS, Oxford Instruments 6506. The SEM/EDS instrument was calibrated using a cobalt standard. The samples were embedded in an epoxy resin and coated with carbon. Concentration depth profiles were obtained, by performing line scans along a cross section in the centre of the specimens, where the treatment temperature was approximately 450°C, see Figure 4 . The count time was set to 30 s at 60 µA and 20 kV. The displayed concentration profiles in section 3.2 are given as the average of line scans at three different locations. Based on these results, the effective diffusion coefficients D -were calculated, according to Green's function, (27) where C is the concentration, x the depth and t the time:
Reflectance, R%, was determined with an Agilent Technologies UV-VIS-NIR spectrometer; model Cary 5000, equipped with an integration sphere. The reflectance was measured at the hot-end of the glass samples in a range of 200-2500 nm and with scan rate of 10 nm/s. The refractive index was calculated from the reflectance spectra using to Equation (2), where n s is the refractive index of the glass at 520 nm. It should be noted that other equations can be used to calculate the refractive index from the reflectance spectra; as consequence, the current results are comparable to each other, but not to other published results.
Infrared reflectance spectra (IR-RS) were measured with a Shimadzu Scientific Instruments spectrometer, model IRAffinity-1. The reflectance spectra were recorded over the range 400-4000 cm
, with a resolution of 4 cm
. All spectra were averaged over 64 scans and transformed according to the Kramers-Kronig transformation. Aluminium mirror was used was used as a baseline. The IR-RS spectra were measured at the hot end of the glass samples.
Mechanical properties were determined with an Agilent Technologies G200 nanoindenter, equipped with a three-sided Berkovich diamond tip. On each specimen 10 indents up to 2 µm deep were made at a constraint strain-rate of 0·05 s . The hardness H and elastic modulus E were recorded as a function of the displacement h and the resulting values were averaged over 400-1800 nm depth. For a detailed description of the method we refer to Limbach et al. (28) The indentation measurements were performed at the cold end of the glass specimen. The scratch/wear resistance was measured with the nanoindenter described above, equipped with a conical diamond tip, with a half-included angle of 60° and a nominal tip radius of 5 µm. In total, 100 wear cycles with a constant load of 25 mN were made over a length of 500 µm, at constant speed of 50 µm/s. A schematic illustration of the scratch/wear resistance tests are shown in Figure 6 . All results were averaged over five different measurements. The scratch/wear resistance was measured at the cold end of the glass samples.
Results and discussion
The weights of the deposited KCl salt as well as the thickness of the layers obtained by the vapour deposition are summarized in Table 2 . In Figure 7 the deposit of the KCl salt on the glass samples has been plotted against the thickness of the corresponding layer. Fairly linear trends can be seen for the different concentrations, which proves the applicability of the salt deposition with the current experimental setup. Similar trends were also observed for the relationship between the treatment time and the thickness of the deposited layer. On the other hand, the deposit of salt and the thickness of the deposited layer show an exponential relationship with the KCl concentration.
Concentration profiles
The deposited salt reacts with the glass surface via an ion exchange process that can be described by Equation (3). Ion exchange is driven by thermodynamics of the reaction, i.e. a gradient in the chemical potential or the Gibb's free enthalpy. (29) In the present case the concentration gradient between the salt and the glass surface can be considered as the driving force for the ion exchange. The deposited salt contains K + ions which substitutes the Na + ions in the glass surface.
glass glass salt salt
The effectiveness of the ion exchange can be estimated by the effective diffusion coefficient, which can be determined from the concentration profiles. In Figure 8 Figures  8(a)-(c) . It has to be noted, that the 4 h treatment with a concentration of 15 g KCl per 100 ml H 2 O gave a somewhat different profile compared to the remaining ones. This might be due to a discrepancy in the experiment, which cannot be explained so far. In general, the results indicate that a salt concentration of 10<x<20 g KCl per 100 ml H 2 O and treatment times between 2-6 h promote the kinetics of the ion exchange process. In the study of Sil'vestrovich et al (24) somewhat larger penetration depths for the K + ions were obtained. However, this difference can be explained by the variations in the experimental setup, i.e. the two step procedure used by Sil'vestrovich et al compared to the one step procedure in the current work. As can be seen by Figure 8(d) , the natural logarithm of the K 2 O concentration in the glass surface follows the function of the square of depth, which indicates that it is a diffusion driven process.
Effective diffusion coefficients
The effective diffusion coefficients were calculated from the concentration profiles according to Green's function (c.f. Equation (1)). In the calculations the concentration values of K 2 O between 0·5-3·5 µm were used for the glass specimens treated for 2 h, while the values between 0·5-6·0 µm were used for the glass specimen treated for 4 and 6 h, respectively (c.f. Figures 8(a)-(c) ). The calculated effective diffusion coefficients are given in Table 3 . It can be seen that the values of ranges between 1·2×10 −12 and 4·2×10
−12
. These values are considerably lower than previously reported ones. (27) However, there are many parameters that affect the ion exchange kinetics. An important factor is assumed to be the thickness of the deposited salt layer, which is very thin. In a thinner salt layer the concentration of K + ions will decrease more rapidly as the ion exchange process proceeds and despite the short treatment times it might even be depleted. This might be the reason why the optimal treatment time for the current study is indicated to be less than 6 h. 20 
Figure 8(b). Average concentration profiles of float glasses treated with 15 g KCl per 100 ml H 2 O [Colour available online]

Figure 8(c). Average concentration profiles of float glasses treated with 20 g KCl per 100 ml H 2 O [Colour available online]
Figure 8(d). Natural logarithm of the K 2 O concentration as function of the square of depth [Colour available online]
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UV-VIS-NIR reflectance and refractive index
The K + ions are incorporated in the glass surface as K 2 O, which leads to an increase of the refractive index n s due to three physical mechanisms; ionic size, ionic polarisability and induced compressive stresses. (30) As a consequence to the refractive index increase (Δn s ), more light will be reflected. The ionic size of K + (1·33 Å) and the ionic polarisability (1·33 Å
3 ) compared to Na + (0·95 Å) and (0·43 Å 3 ), respectively, give a value of Δn s of 3×10 -4 . (31) It is approximately two orders of magnitude lower than reported Δn s values achieved via K + -Na + ion exchange, (32) which means that induced compressive stresses is the major factor of refractive index increase. In the current study, n s was calculated from the reflectance spectra at the specific wavelength of 520 nm, according to Equation (2) . The reflectance spectra R% in the range 300≤λ≤550 nm are shown in Figure 9 . The calculated values of n s as well as the relative changes of n s after the ion exchange are summarised in Table 4 . In a review paper by Ramasvamy (32) changes in the refractive index of Δn s ≤0·01 were reported after K + -Na + ion exchange, which is in good agreement with the results shown in Table 4 . It shall be noted that the calculated n s from R% cannot be compared with each other. It is likely that the generated compressive stresses affect the n s values.
The refractive index for the ion exchanged samples was assumed to increase with increasing salt concentration and treatment time, respectively. Apart from the glass specimen treated for 4 h with 15 g KCl per 100 ml H 2 O, n s increases with increasing treatment time. On the contrary, such a relationship cannot be verified for n s as a function of the salt concentration. It should also be noted that another sample, treated for 2 h with a salt concentration of 10 g KCl per 100 ml H 2 O, exhibits a lower n s than the as-received sample, see Table 4 . This can probably be attributed to small surface scratches or a contamination of the surface, which significantly influence the reflectance measurements. In Figure 10 the refractive index as a function of K 2 O surface concentration is shown. Except for the 10 g series and the specimen treated with 15 g for 4 h, there is a roughly linear trend. This indicates that the surface concentration of the studied method is closely 
Infrared reflectance spectroscopy (IR-RS)
Penetration of K + by ion exchange does not create new absorption bands in the IR-RS spectra but affects the peak of the Si-O stretching vibration (~1090 cm −1 ) by narrowing the peak. (33) As can be seen in Figure  11 (a) and Table 5 , the treated samples exhibit a small peak narrowing which can be linearly correlated to the surface concentration of K 2 O, see Figure 11 (b). Furthermore, the peak ~1090 cm −1 is shifted towards lower wavenumbers and a small increase in the absorption coefficient can be noticed. A peak narrowing in ion exchanged glasses has previously been shown in soda-lime-silica flat glass by Ingram et al (34, 35) and in aluminoborosilicate glass by Stavrou et al (33) This feature corresponds to the chemical equilibrium . For K + ion exchange this chemical equilibrium is shifted to the right side, i.e. towards more Q 3 units, while for Ag + ion exchange, the equilibrium shifts to the left side, i.e. a peak broadening occurs. Leboeuf et al (36) studied K + ion exchange in sodalime-silica flat glass and also reported an increase in Q 3 units. However, a decrease in the absorption coefficient with increasing treatment time had also been shown, which cannot be seen in the present study. Doremus (37) studied the hydration of alkali silicate glass surfaces by infrared spectroscopy. Two peaks were observed in non-hydrated glass, which correspond to the Si-O-Si stretching vibration, ~1100 and ~1050 cm −1 , and another one assigned to the Si-O-M + stretching vibration at ~950 cm
, where M + stands for an alkali ion. As the water reacts with the glass, hydronium ions exchanges with the alkali ions, the absorption band at ~950 cm −1 starts to decrease, while the absorption bands at ~1100 cm −1 and ~1050 cm -1 increase, due to the replacement of Si-O-M + by Si-O-H-O-H 2 . In the current experiments, the atmosphere contains water vapour and this might explain the increasing absorption coefficient at around 1090 cm −1 as well as the shift towards lower wavenumbers, see Figure 11 (a). Another reason for the peak-shift to lower frequency, i.e. to lower resonance energy of vibration, can be a widening of the Si-O-Si angle, presumably due to the incorporation of the larger K + ions, see Figure 11 (c). Such an observation reflects the more complex mechanism of ion exchange beyond simple elastic stuffing. Similar observations have been made in recent computational simulation studies of this issue. (38) In addition, the ion exchange induces several other changes in the IR-RS spectra.
• A narrowing of the O-Si-O rocking peak at ~495 Ref  186  65  69  10  2h  182  57  66  10  4h  181  57  64  10  6h  181  56  64  15  2h  183  59  66  15  4h  182  58  66  15  6h  179  58  65  20  2h  182  64  68  20  4h  181  63  67  20  6h  181 , see Table 5 and Figure 12 . This area can be attributed to the flexion vibration modes zone of SiO 4 tetrahedra. (36) In addition the absorption coefficient of this peak reduces, except for the sample treated for 2 h with 10 g KCl per 100 ml H 2 O.
• A reduction of the absorption coefficient for the minima at ~700 cm −1 , see Figure 12 .
• A narrowing of the Si-O symmetric stretching peak at ~785 cm −1 , see Table 5 and Figure 11 , as well as a small shift towards lower wavelengths. The absorption coefficient of this peak also reduces, except for the samples treated for 2 and 4 h with 10 g KCl per 100 ml H 2 O. This is in accordance with the study of Lebeouf et al. (36) • An increasing absorption coefficient for the peaks at ~2320 and ~2353 cm −1 . The peak at ~2320 cm
also shows shifts to lower wavenumbers.
• A decrease in the absorption coefficient for the minimum at ~2373 cm -1 as well as a shift to higher wavenumbers.
• A small increase in the absorption coefficient at ~3791 cm −1 . This area corresponds to the OHstretching vibrations in adsorbed molecular water and hydrogen bonding. (37, 39) Several other changes in this area indicate that reactions between the glass surface and the water vapour takes place during the thermal treatment.
Nanoindentation and scratch/wear resistance
The deposition of the KCl salt on the glass and the ion exchange process results in a modified surface enriched with K 2 O. Presumably this surface modification should also change the surface mechanical properties. Therefore nanoindentation measurements were performed to give some information about the hardness H and elastic modulus E, see Table 6 . On each sample ten indents were made to get a statistically valid average value. Given from the results in Table 6 both the indentation hardness and the elastic modulus of the modified glass surfaces are increased due to the treatment. The standard deviations of the 6·84  0·03  77·3  0·3  30·8  <0·1  10  2  7·07  0·04  77·4  0·2  30·7  <0·1  10  4  6·95  0·05  77·5  0·2  30·8  <0·1  10  6  7·41  0·04  78·7  0·4  31·2  <0·1  15  2  7·03  0·04  77·8  0·2  31·1  <0·1  15  4  7·39  0·03  78·9  0·2  31·1  <0·1  15  6  7·41  0·04  79·1  0·3  31·2  <0·1  20  2  7·07  0·03  77·6  0·2  31·3  <0·1  20  4  7·31  0·04  78·2  0·3  31·6  <0·1  20  6  7·40  0·04  78·9  0·3  31·4  <0·1 samples are approximately on the same level for all samples, indicating that a relatively homogeneous ion exchange treatment has taken place. In Figure 13 (a) the values of H are shown as a function of the treatment time. In the series treated with 15 and 20 g KCl per 100 ml H 2 O a relatively linear increase of H with increasing treatment time can be seen. On the other hand, this trend cannot be verified for the series treated with 10 g KCl per 100 ml H 2 O, due to the discrepancy in the sample treated for 4 h. However, the remaining glass samples in the series treated with 10 g KCl per 100 ml H 2 O coincide quite well with the trends of the other series. As can be deduced from Figure 13(a) , the concentration of the salt mixture itself does not affect the values of H much. The treatment time seem to be dominant for the improvement of H and also the K 2 O surface concentration follows a quite linear trend with the hardness, see Figure 13 (b). In Figure 14 the values of E are shown as a function of the treatment time. Similar to H an increase of E with increasing treatment time was found, with a deviation in the sample treated for 4 h with 10 g KCl per 100 ml H 2 O. In addition, the concentration of KCl seems to have a lesser influence on E than the treatment time. However, some small changes with concentration, with the order 15 g>20g>10 g KCl per 100 ml H 2 O is visible, see Figure  13 (a). The same order cannot be seen for the values of H, except for the series treated for 4 h. In several studies on the hydration of soda-lime-silica glasses (40) (41) (42) notable changes in H and E were observed with the progressive hydration of the glass surface. Kolluru et al (42) suggested that the reduction of the nanomechanical properties may also depend on the exposure history of the glasses. However, in contrast to our study, the indentation studies of the nanomechanical properties of the hydrated soda-lime-silica glass were at considerably lower depths (< 200 nm). (40) (41) (42) Fett et al (43) studied stresses in hydronium ion exchanged soda-lime-silica glasses and noticed the formation of high compressive stresses after the ion exchange. Furthermore, they found that the depth of layer, DoL, depends significantly on the temperature but also on the square root of the treatment time.
Sil'vestrovich et al (24) also reported data on the hardness, an increase from 5·20 to 6·25 GPa was found for the aerosol method, while the salt bath gave a value of 7·1 GPa. The increase in the present study is considerably lower than what was reported by Sil'vestrovich et al, however, there are also differences in the experimental procedure, which could explain this discrepancy.
The scratch/wear resistance was investigated with a nanoindenter, equipped with a conical tip with a nominal tip radius of 5 µm. The wear displacement was measured after every 10th cycle of wear. In Figure 15 cycles, with the reference sample exhibit the largest average wear displacement into the glass surface, while the others followed in the order 2<4~6 h. The scratch/wear resistance can be linearly correlated to the surface concentration of K 2 O, except for the specimen treated with 15 g KCl per 100 ml H 2 O for 4 h, see Figure 15 (b). In general, the modified glasses show improved scratch/wear resistance, see Figure  15 (a) and (b).
Conclusions and further work
The method of chemical strengthening of flat glass by vapour deposition of KCl salt and in-line K + ion exchange has been demonstrated. The surface modification has been shown to induce structural changes as well as increase the refractive index, hardness and scratch/wear resistance. This method has the potential to be used in a production line of flat glass, e.g. float line, down/up-drawn flat glass or fusion process. The process can also be used for the chemical strengthening of other glass compositions as well, e.g. aluminosilicate glasses, which are generally more effectively strengthened. Furthermore, the process of salt deposition on flat glass and in-line ion exchange is difficult to predict, since it is a complex and challenging process. There are many parameters to control, e.g. temperature, salt concentration, treatment time, pressure in aerosol generator, salt distribution on glass as well as salt adhesion on the glass surface. Further work is advised to involve another glass composition, e.g. aluminosilicate glass, and bending strength tests to quantify the actual strengthening effect of the treatment. Furthermore, it is advised to use two furnaces, one furnace for aerosol generation and another furnace for salt deposition so that a constant temperature over the whole samples is created. Also the pressure in the aerosol generator can be modified in order to create a more homogeneous deposited salt layer and other potential precursors as well as solvents should be investigated. Potentially the method can find applications where the depth of the surface modification is not as important or for glass products which must have low production costs. 
